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Abstract 
Managing excessive sand production is a critical consideration in the operation of oil and gas fields. Increasingly, operators 
elect to accept sand production in favour of dealing with sand at surface. This typically involves emptying of huge 
accumulations of solids from process vessels during scheduled offline cleaning operations. For this approach to be viable a 
robust understanding of the produced sand is needed. Numerical or simulation-based sand production prediction models are 
typically very complex and require a comprehensive input dataset to inform or calibrate the model. Sand monitoring systems 
are only useful for qualitative assessments of sand production. There is no simple method of quantifying produced sand 
volumes. 
 
This work describes the development of a sand surveillance tool using data from traditional solids sampling techniques taken 
at surface. The tool uses a simple methodology to estimate produced sand volumes at well and field level and also monitors 
produced sand particle size data for a comprehensive evaluation of solids production. Analysis of the relationship between 
sand production and drawdown, liquid rate and watercut highlights the potential of the method to advise well operations. 
Finally, a discussion on the uncertainties in the method and the role of data acquisition and analysis within the context of a 
sand management strategy is presented. 
 
It is found that sand production occurs in transient events, during which a large quantity of sand is deposited in a short amount 
of time. These sand events are triggered by increased watercut and 73% are linked to sharp increases in liquid rate, although no 
relationship is noted with drawdown or flux. Based on the field data, sand particle size can be related to produced sand 
volumes only in that the highest sand producing wells tend to produce larger particles, despite the presence of sand control 
measures installed downhole. The results presented in this study are supported by previous findings in the literature, and prove 
the viability of flow-line samples as a diagnostic tool for sand production. 
 
Introduction 
In unconsolidated or friable reservoirs, sand grains are easily disaggregated from the formation and the flow of reservoir fluids 
to surface can entrain large quantities of solids. At high fluid velocities, these particles cause erosion in the production system 
and valves or piping may need to be replaced. If lifted to surface, accumulation in process vessels reduces processing 
efficiency and requires hazardous cleaning operations be carried out. If offshore, a safety risk is also posed from increased 
weight on the platform. In any case, the expense of remediation and associated downtime is significant.  
 
Sanding is typically tackled through sand control, sand management or a combination of both. Sand control measures look to 
prevent entry of sand into the production system at the completion. Sand management strategies involve relating how the field 
is operated with levels of produced sand. Previously, the emphasis was placed on finding and operating under a minimum 
sand-free rate (MSFR), however recent years have seen the definition of a maximum acceptable sand rate (MASR) (Andrews, 
et al., 2005). This shift in focus implies an assumption that sand will be produced. The sand management strategy then takes 
on a wider scope, requiring consideration of how solids will be handled at surface in addition to how the wells will be operated 
to regulate sand production. Under these conditions, being able to quantify size and volumes of produced sand becomes 
critical.  
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Current methods for quantifying produced sand volumes rely on the use of complex numerical models. Theoretical predictive 
models are typically unwieldy for routine application, requiring unavailable or often unreliable data to describe the complex 
physical mechanisms of sand production. Crucially, these still have to be verified with reference to reliable field data. Sand 
monitors are typically suitable for a qualitative assessment of sanding (i.e. when sand is produced), but quantification through 
erosion or acoustic sand sensors is unreliable. This information is necessary in the determination of a MSFR, but insufficient in 
defining a MASR or in relating operational parameters to sand production.  
 
This paper describes a simple approach to quantifying produced sand using solids sampling at surface. The method has been 
implemented using field data for a central North Sea heavy oil field with a history of extensive sand production. A reliable 
model of sand deposition is required to help forecast future sand volumes and optimally schedule vessel cleanouts before 
structural integrity of the platform is compromised, or process efficiency is impacted. This will maximise efficiency and 
minimise downtime, reducing the incurred cost of sand production. Produced sand volumes are calculated and the size 
distribution of produced sand is considered. Analysis of the relationship between sanding and drawdown, liquid rate and 
watercut demonstrates the potential of the method to advise well operations.  
 
Sand production 
Mechanisms of sand production 
In solids production, it is important to distinguish between load-bearing sand grains (>~45µm) and fines (<~45µm). Sand is 
mobilised when the combined strength of applied stresses (drawdown, fluid friction and overburden forces) overcomes the 
compressive strength of the formation; this is termed rock failure. Formation integrity is maintained as a result of intergranular 
friction, cementation, gravitational and capillary forces. Fines are mobilized when the liquid rate reaches a critical velocity, 
after which they can flow through pore space in the reservoir. These are prone to accumulation and plugging at pore throats, 
resulting in decreased porosity and permeability – formation damage – near the wellbore. Modeling the skin increase due to 
fines and determination of critical velocities required to transport fines have been the focus of many studies (Miranda & 
Underdown, 1993).  
 
The key factors which are consistently identified as impacting sand production are:  
 Pressure drawdown 
 Produced liquid rate 
 Watercut 
 Reservoir depletion 
 
Increased drawdown increases the stress distribution in the near wellbore area, which can disaggregate sand grains from the 
formation to be mobilized by the flowing reservoir fluid. Drawdown also impacts liquid rate, depending on the productivity 
index of the well, as defined in Darcy’s law. Liquid rate determines the applied drag and viscous forces on the formation 
which, again, can contribute to rock failure. The viscosity of the reservoir fluid and the liquid rate also determine whether 
particles will be mobilised. Above a critical rate, particles will be entrained in the fluid and transported to surface. Water 
reduces intergranular cohesive forces by lowering capillary pressures, washing away natural cementation and increasing fluid 
friction due to two-phase flow (Wu & Tan, 2001) (Vaziri, et al., 2002). Lastly, pore pressure decreases as the reservoir 
depletes, increasing the in-situ (effective) stress on the formation. 
 
Limitations of sand prediction models 
Generally, prediction of sand production can be categorised as: physical/laboratory testing; analytical relationships; and 
numerical models. Routine laboratory testing and analytical models can only predict the onset of sand production, and do not 
quantify sand volumes. Anlytical models, in particular, tend to focus on a single factor and neglect the complex interplay of 
mechanisms involved in sand production. Numerical models are the most powerful means of predicting produced sand 
volumes but are complex to develop and operate, operating through coupling of mechanical and hydromechanical instability 
modeling. Numerical models must still be calibrated with reliable field data. 
 
In the case where sand control mechanisms are installed downhole, rock failure is a necessary but not sufficient pre-condition 
for sand production. Sand control completions act as a filter, retaining sand grains entrained in the flowing fluid, and 
preventing entry into the wellbore. The most common sand control methods, gravel packs and sandscreens, operate using a 
combination of size exclusion and bridging theory (Saucier, 1969) (Penberthy Jr. & Shaughnessy, 1992). These filtering media 
are optimally sized to minimize the pressure drop across the completion (and, in the case of screens, the risk of plugging) and 
maximize the retained solids. Typically, fines are too small to be retained by sand control methods, and are produced to 
surface along with the reservoir fluid.  
Sand prediction models do not account for the impact of sand control on produced particles, although this is clearly of 
fundamental importance if modeling sand production. 
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Field review 
Geology 
The Field is located in the Central North Sea, approximately 220km North-East of Aberdeen (Figure 1). The reservoir section 
is comprised of sandstone and intrabedded shale deposits, deposited in a slope channel complex by high density turbidites. As 
a shallow Eocene Field (top reservoir approx. 6300 ft. TVDSS), the sandstone is unconsolidated with favourable reservoir 
properties and high net to gross. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reservoir properties 
Top reservoir elevation 6100-6450 ft. TVDSS 
Reservoir pressure 2900-3500 psi 
(Original) OWC 6311-6465  ft. TVDSS 
Porosity 30-35%   
Permeability 1-4 D 
NtG 0.9  
Rock and fluid properties 
The reservoir sands are highly porous and permeable, with low compressive strength. The vertical-horizontal permeability 
ratio is also high. The field is normally pressured and produced oil measures approximately 19°API and 6-9 cp. See Table 1. 
 
Reservoir management and production 
A platform in the north of the field provides drilling and offshore processing capability. Processed crude is stored in a Floating 
Storage Unit, FSU which is unloaded on a regular basis via shuttle tanker. Subsea wells in the south of the field are tied back 
to the platform via a subsea manifold. There is a small underlying aquifer, but it is active water injection that maintains 
reservoir pressure to facilitate production. A high kv/kh ratio and large mobility contrast between reservoir fluids (oil, water) 
results in water streaking and gravity slumping of injected water. Water coning occurs at low production rates, and manifests 
at surface in typical watercuts of 90% and above. 
 
Long horizontal wells (completed section 500-2000 ft.) are drilled to maximise reservoir contact across a thin producing 
interval and reduce the effects of cresting. Completion design has evolved throughout field life to ensure optimal sand control 
and completion longevity (Murray, et al., 2003).The present design involves running an openhole pre-drilled liner, along with 
gravel pack and sand screens. Refer to appendix C.2 for a detailed overview of completion policy. Wells are also subject to 
operating limits in order to limit sand production: 
 
 Drawdown limit of 250 psi  
 Total liquid rate limit of 20,000 blpd 
 
Large quantities of solids are produced, which accumulate in process vessels on the platform. Produced sand quantities are 
sufficiently high to require invasive cleanouts of the equipment, which are often conducted during the scheduled annual 
platform shutdown. 
Figure 1: Top reservoir elevation 
of field under investigation 
 
BOXED: Main wells under 
investigation in field 
Table 1: Reservoir properties 
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Current sand management strategy 
Erosion probes or acoustic sand monitors are not installed for platform wells in the field. Instead, the sand monitoring strategy 
involves frequent sampling of produced fluids to obtain: 
 
Base sediment and water (BS&W): the volumetric proportions of solids and oil/water phases of the produced 
reservoir fluid. This measurement gives the solids concentration and the water cut. Samples are taken on a 
daily/weekly basis by the offshore chemist. Sampling frequency is increased in the case of a high solids reading, or 
for wells identified as having historically high solids production.  
 
Laboratory solids: a more accurate solids concentration measurement, taken from offshore BS&W sampling with 
analysis at an onshore laboratory. This data is less frequent due to impracticality, cost and delay in the measurement. 
 
Particle Size Distribution (PSD): the size range of produced particles, by volume. Taken on a monthly basis, per 
well.  
 
In all cases, sampling is conducted downstream of the wellhead and upstream of a manifold where flow lines are comingled 
and routed to one of three main process trains (Figure 2). Refer to Appendix D.1 for details on the solids sampling process. 
 
The produced sand volumes in each process train are deposited and accumulate in various process vessels on the platform. 
Sand accumulation is addressed in two ways: in the first stage production separators through an online sandwashing procedure, 
where sand is fluidised and flushed out of the separator whilst production continues; and with invasive cleaning operations, 
where sand is physically dug out of the vessel during production downtime. After each of these, the removed sand is cleaned 
and weighed before disposal. There are no functioning sand profilers in the process vessels. Current practice on the field under 
investigation involves assumption of a 0.5 ton/day/separator deposition rate to estimate sand accumulation. 
Separator 1
Separator 3
Separator 2
Manifold 1
Manifold 2
Manifold 3
3
1
2
3
1
2
3
1
2
W1
W2
W3
Wellhead
Valves route flow 
to manifold
Well flowlines 
comingled at manifold
Manifold output 
to separator To gas compression/produced 
water/oil processing
1: Gas
2: Oil
3: Water
Reservoir fluids
 
 
Produced sand particle size indicates the filtering performance of the sand control completions. Bridging theory and laboratory 
testing of the premium sandscreens installed downhole has indicated that particles of greater than 80µm should be retained by 
the mesh weave. Wells that consistently produce particles greater than this level are noted as well anomalies, however this 
designation usually entails no difference in well treatment/operation. In cases where PSD is consistently high, a well 
intervention may be required to investigate or work over the well. This may constitute plugging of eroded screen sections or, 
in the worst case, a re-drill of the well. 
Figure 2: Simplified Process Flow Diagram of platform facilities (wellhead to 1st stage separator) 
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Method 
Strategy 
The following methodology uses solids sampling data to analyse: 
 Produced sand volumes 
 Sand deposition/laydown rate 
 Maximum produced sand size/trend 
 
Note that solids concentration and sand concentration are used interchangeably, as it is assumed all produced solids are sand.  
 
Calculating produced sand volumes 
 
Sand concentration: discrete vs continuous measurement 
Although solids sampling for each well can be conducted as often as daily, samples are usually less frequent than this. On days 
when no sample is taken, the sand concentration is unknown. This is a major source of uncertainty in the calculation of sand 
volumes. To calculate volumes, a daily sand concentration signal based on the available BS&W or laboratory samples is 
required. Two methods are tested: 
 
 Constant sand concentration between samples: henceforth referred to as the continuous assumption 
 Zero sand concentration between samples: henceforth referred to as the discrete assumption 
 
Note that these assumptions are not intended to be completely representative of sand production. However, by evaluating the 
model response from these extreme limits, a better understanding of sanding behavior can be achieved. Assuming zero sand 
concentration between samples is not a completely invalid assumption, as around 70% of the available sand concentration 
samples for a typical well in this field are zero indicating a high likelihood of no sand in the flowlines. 
 
For both techniques, assuming zero measurement error, sampling frequency will influence how well the measured solids 
concentration matches the true solids concentration. Erroneous measurements are discarded from the dataset by gross error 
detection and, where possible, through a coherency check. This involves user-defined preprocessing parameters to remove 
very high (i.e. unrepresentative) sampled solids concentrations and, where both BS&W and laboratory measurements are 
available, remove both measurements if they differ significantly. Changing these limits alters the shape of the sand 
concentration signal. 
 
Pre-processing parameters: 
 lim. – upper limit on sand concentration data (gross error detection) 
 Δ – acceptable difference between BS&W laboratory solids (coherency check) 
 Sand density, 𝜌𝑠𝑎𝑛𝑑  – range of potential values, required to get mass from calculated sand volume (for validation) 
 
See appendix E.1 for more on pre-processing. 
 
Figure 3: Sand concentration signal creation 
Boxed: Sampling frequency increased surrounding the measurement of a high sand concentration. 
Circled: Eradication of invalid data through coherency check. 
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By definition, sand volume is the product of sand concentration ψ and total produced liquid i.e. 
 
 
𝑠𝑎𝑛𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 𝜓 =
𝑉𝑠𝑜𝑙𝑖𝑑𝑠
𝑉𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑𝑠
|
𝑤𝑒𝑙𝑙
  
……….(1.) 
Assuming that potential scale or rust deposits are negligible i.e. 𝑉𝑠𝑜𝑙𝑖𝑑𝑠 =  𝑉𝑠𝑎𝑛𝑑 , then: 
  
𝑉𝑠𝑎𝑛𝑑|𝑤𝑒𝑙𝑙 = 𝜓 . 𝑉𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑𝑠|𝑤𝑒𝑙𝑙  
 
……….(2.) 
 
Produced liquid volumes 𝑉𝑤𝑎𝑡𝑒𝑟  and 𝑉𝑜𝑖𝑙  are measured for the field on a daily basis and allocated back to individual wells. 
Hence, using equation 2., produced sand volumes can be calculated for each well. 
 
Historical process control data is used to determine valve states on each flowline on the platform. Simple averaging of the 
valve states over 24 hours informs the daily routing of each well to a process train. The frequency of changes in well-train 
routings for individual wells is low, so the error due to averaging is deemed small. Using daily well-train routings, sand 
volumes from each well can be summed to determine the produced sand deposited in each process train.  
  
𝑉𝑠𝑎𝑛𝑑|𝑡𝑟𝑎𝑖𝑛 = ∑𝑉𝑠𝑎𝑛𝑑|𝑖
𝑛
𝑖=1
 
 
n, number of wells routed to the train 
 
  ……….(3.) 
This enables validation of calculated sand volumes with the measured sand mass removed from process vessels during 
scheduled cleanouts. Changing sand density and the limits defining the shape of the sand concentration signal enables an 
element of history matching to measured sand in place prior to cleaning operations. 
 
Finally, to relate the sand at surface to that produced from the sand face, it is assumed that all sand is lifted to surface, i.e. 
  
?̇?𝑠𝑎𝑛𝑑|𝑠𝑎𝑛𝑑 𝑓𝑎𝑐𝑒 = ?̇?𝑠𝑎𝑛𝑑|𝑠𝑢𝑟𝑓𝑎𝑐𝑒  
 
……….(4.) 
 
The critical fluid velocity of sub 80µm particles is around 25 × 10
-4
 ms
-1
 (Abulnaga, 2002). This corresponds to an 
approximate liquid rate of 30 blpd, for the maximum used pipe ID of 6.2”. Since the least productive wells under investigation 
produce at liquid rates far exceeding this – and the reservoir fluid is more viscous, and hence entrains particles more easily –– 
the assumption is appropriate. 
 𝑄 = 𝐴. 𝑣  
 
𝑄 = (𝜋 × (
6.2
2 × 12
)
2
. (25 × 10−4)(3.28).
(3600 × 24)
6.29
 
 
 
 𝑄 ≈ 30 𝑏𝑙𝑝𝑑  
 
The period 30.11.2011 to 12.03.13 is selected for investigation. At the start of this period, all process vessels are empty 
following invasive cleaning operations. At the end of this period, sand volumes are measured before another cleaning 
operation. This is detailed in Appendix D.2.   
  
Size of produced sand 
Monthly Particle Size Distributions are plotted over time to evaluate long term trends in sand screen behavior. Screen failure is 
characterised by consistent passing of particles greater than 80µm to surface. Monitoring the proportion (by volume) of large 
particles produced could be linked to erosion or hotspotting of sand screens, and hence provide a measure of screen 
degradation (Slater, et al., 2008). Understanding time to failure is a crucial parameter in sand control completion design, and 
especially important for the field under investigation as a drilling programme is ongoing. 
 
The relationship between produced sand volumes and particle size is also investigated. See Appendix D.3 for details on PSD 
analysis. 
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Results and Analysis 
Monitoring sand volume  
Sand volumes are calculated for both continuous and discrete sand concentration assumptions for the period shown, as 
described above. The sand volumes are well-defined at the start and end – due to invasive cleanouts and sand accumulation 
monitoring – making this operating period ideal for method validation. The following charts indicate: 
 
 Produced sand volumes for each well, and the field 
 Calculated volumes in Separator 1 using the continuous assumption 
 Calculated volumes in Separator 2 using the discrete assumption 
 
Figure 4 shows that assuming continuous sand production vastly over-estimates field produced sand mass (by a factor of 3.3). 
Therefore, it is clear that this assumption is not valid for the sanding process in place for this field. In contrast, the discrete 
assumption provides a much closer estimate for field produced sand mass as over-estimates only by a factor of 1.1. See 
appendix E.2 for more on calculations of sand mass in process vessels. 
 
To achieve a history match to the observed sand mass, the sand concentration signal pre-processing parameters must be set to 
either: 
 
 Disregard a large amount of the sand concentration dataset or/ 
 Use an unfeasibly low sand density (around 1200 kg/m3) 
 
 
Figure 4: Total Produced Sand Volumes 30.11.11-12.03.13 
*Actual total sand mass in place = 533 tonnes. 
Notes on Figure 5 and Figure 6: 
 
1. These graphs show sand mass accumulation in Separator 1. The different signals are produced by changing the pre-
processing parameters (ρsand, Δ, lim.) in an attempt to match the known sand in place (from cleaning operations). 
Parameters used in each model run are indicated. 
 
2. The straight line is the currently assumed 0.5 ton/sep/day constant sand laydown rate. This appears to “predict” the 
sand accumulation perfectly, but this data was used to derive this laydown rate. Hence, for this period it is 
meaningless and serves only as a comparison with the calculated sand mass. 
 
3. Drops in the sand accumulation over time are due to sandwashing events. These are taken into account for all signals. 
 
* 
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Figure 5: Sand accumulation in Separator 1 (continuous assumption) 
 
The continuous signal is characterised by a relatively constant deposition rate (i.e. gradient). This relates to a physical situation 
where sand is produced into the well in a largely constant stream. Due to the huge gross error between calculated and observed 
sand levels, it is clear that sand laydown rate in process vessels is not constant – unless produced sand levels are catastrophic. 
This type of deposition might be symptomatic of a failed sandscreen, after which the effectiveness of the screen is greatly 
reduced. 
 
 
 
Figure 6: Sand accumulation in Separator 1 (discrete assumption) 
 
The discrete sand concentration signal provides an estimate that closely matches the known sand in place. This can be matched 
by changing the model parameters as shown – which still preserves a large amount of the data, and uses an acceptable sand 
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density. The deposition rate alternates between very high and almost zero, and most sand is deposited in short, transient sand 
events.  
 
It was expected that the discrete assumption would underestimate the mass produced sand. Increased sampling frequency 
surrounding high measured sand concentration preserves the resolution of the sand events, which are responsible for the 
majority of deposited sand. This also indicates that sand events occur on the hourly-daily timescale rather than the daily-
weekly-monthly scale.  
 
Monitoring sand size  
No long term trend is visible in the monthly PSD sample data. Figure 7 shows the typical variation evidenced in the PSD 
trends. In the case of well 14, particles larger than 80µm were produced towards the start and end of the 8 year period. Signs of 
progressive deterioration i.e. consistent and increasing proportion of large particles are not found.   
 
This variation in produced particle size may arise from the cyclic formation and breakdown of sand arches or sand bridges on 
the sandscreen. As sand arches/bridges are formed, the filtering potential of the completion becomes more efficient; more large 
particles are retained and only smaller particles pass the screens. A large change in rate or drop in confining pressure can affect 
the stability of these structures, leading to larger particle production until the sand arch/bridge is reformed.  
 
The monthly resolution of the PSD data is not detailed enough to compare with the daily calculated sand volumes, and 
establish a relationship. However, 6 of the 25 platform wells under investigation constituted well anomalies based on large 
particle production. The 4 highest sand producing wells by volume are all well anomalies. This perhaps indicates inefficient 
screen filtering as contributing to the high produced sand volumes. Further investigation is required to confirm this. 
 
 
Figure 7: Well 14 PSD trend 24.11.05 - 03.07.13 
Discussion 
Sand deposition rate 
Sand deposition rate is the change in sand volume in a process vessel over time. In Figure 5 and Figure 6, this is easily 
visualized for discrete and continuous assumptions for sand laydown in Separator 1 as the gradient of the calculated 
cumulative sand volume. The greater accuracy of the discrete assumption, where sand concentration is zero for extended 
periods, shows that sand deposition is dominated by transient sanding events, rather than constant sand deposition. Using a 
constant sand deposition rate is misleading if used to forecast future sand volumes in process vessels. A sand management 
strategy based on this could actually reduce efficiency.  
 
With reference to Figure 5, on 01.04.12 the 0.5 ton/sep/day laydown rate would identify a sand accumulation of around 40 
tonnes in Separator 1. Using the model developed here would identify a mass closer to 100 tonnes. This difference is 
significant in scheduling invasive cleanouts and could result in: poor separation efficiency in the separator, not setting aside 
enough downtime to conduct cleaning operations, or most likely not cleaning the separator at all. Therefore, the concept of a 
laydown rate – a constant quantity of sand deposited each day – is misleading and should not be used in scheduling vessel 
cleanout operations. 
 
Relationship to operating parameters 
Sand production is characterised by short transient bursts, during which the deposition rate is very high. If the triggers for this 
behaviour can be found, then sand production can be effectively tackled by operating wells appropriately. 
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To investigate the prevalent operating conditions preceding/during sanding events, a sand event is defined as a sand 
concentration of at least 0.1%. For a typical well in the field, this would equate to a 7.2 tonne sand deposition rate per day. The 
following operating parameters have been establish as potential factors in sanding and are investigated. (Vaziri, et al., 2006) 
 
 Liquid Rate 
 Drawdown 
 Watercut 
 
Liquid Rate 
There is no correlation found between produced liquid rates and sanding events. This conclusion reinforces the conclusion that 
sand production is transient. If sand production was continuous and hence sand concentration constant, the system would be 
analogous to a slurry flow where an increase in liquid rate would result in an increase in deposited solids. 
 
However, a relationship is found between sanding and changes in liquid rate. Sand events are categorised as: 
 
Type I: Increased sand production after bringing a well online after a shut in 
Type II: Increased sand production associated with a significant rate change 
Type III: Unclassified/not related to change in liquid rate 
 
 
 
 
 
 
Figure 8: Sanding event categorization for field and wells 
 
Both Types I and II involve a change in rate, and constitute approximately 73% of historical sanding events in the field. These 
are related to a rate increase of 30% - 500% of the original rate. This is a descriptive (not prescriptive) observation – high sand 
levels are not seen every time there is a rate change of 30%, but most sanding events have been preceded by a rate change. 
There is no correlation found between the maximum sampled sand concentration and rate cycling, shut-in period, change in 
liquid rate, observed duration of the sanding. These factors could be related, but due to inconsistent operating procedure when 
a sanding event is recorded, achieving a correlation is not possible (SeeTable 2). However, a potential relationship exists 
between the maximum sand concentration and the time to maximum solids concentration.  
 
This may indicate that measured sand concentration increases (i.e. sanding gets worse) with time after the rate change. If this is 
the case, then this would indicate that the operator should choke back the well when sanding is observed rather than holding 
the rate steady. However this conclusion would also appear to contradict the well-established bridging theory, where sand 
production is experienced during the formation of a sand bridge at the completion, after which point sand production reduces 
to almost zero. 
 
  
 
Max. sand concentration, % Correlated? 
linear R
2
 polynomial R
2
 
Shut in period 0.2508 0.2449 No 
Change in rate, dQ 0.0014 0.0049 No 
Sanding duration 0.3623 0.3829 No 
Time of max. sand concentration 0.4038 0.5556 Maybe 
 
Table 2: Correlation between parameters in Type I and II sanding events 
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Although Type III events are termed unclassified, categorising them as such also serves a purpose. If some wells are very 
temperamental and tend to sand without perceived cause (lots of Type III events) then at least it is understood that these wells 
behave erratically. Striving to maximise understanding of sand production for wells and field is a cornerstone of sand 
management. 
 
  
Figure 9: Effect of liquid rate on sand concentration - Type I (left) and Type II (right) sanding events 
 
Beanup procedure 
Following a shut-in, sand is more likely to be produced as the weakly consolidated formation is subjected to stress arising from 
fluid drag forces and drawdown (Geilikman, et al., 2005) (van den Hoek & Geilikman, 2006). As drag force is proportional to 
the square of the fluid velocity, any large increase in velocity has a significant impact on the formation integrity. A beanup 
procedure has been developed for implementation on sand prone wells (appendix F.2). The advantages of the beanup 
procedure with respect to prevention of sanding have been well established in the literature. Expense of the bean-up process in 
deferred oil production is estimated to be around $27,000. However, it is harder to quantify potential increases in well life or 
productivity due to reduction in fines mobilisation and near wellbore formation damage. 
 
Note on settling velocity: 
 
Entrained solid particles in wells that are shut-in for extended periods will exhibit gravity settling and accumulate bottomhole. 
A sufficiently prolonged shut-in period could therefore lead to increased sand concentration measurements after production is 
re-started. The approximate settling time can be calculated from Stokes’ law as around 27 days (appendix F.3). This is 
therefore likely to be a factor only on rare occasions, although this trend might be apparent in wells 4 and 12 which were 
offline for 347 and 324 days respectively. 
 
Drawdown 
Drawdown was not observed to have an effect on sand production. In some wells, applying a drawdown above the 250 psi 
operating limit preceded high sand concentration measurements 100-200 days later. However, other wells were operated over 
the drawdown limit and produced with consistently low sand cut samples over an extended period 
Figure 10). This is typical of observations across the rest of the wells in the field. No numerical correlation was possible. 
 
From the field data, a relationship between drawdown and sand production cannot be established. Evidence in the literature 
supports an inability to correlate drawdown with sand production in openhole completions (Tiffin, et al., 2003). If drawdown is 
related to sanding, then the relationship is different for each well. Hence, the current philosophy of imposing a field-wide 
drawdown limit, i.e. the same limit for every well, is perhaps a strategy that should be re-considered. 
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Figure 10: Wells 13 and 19 - effect of drawdown on sand concentration 
 
 
This result is surprising. Sand screen failure was relatively common when wells in the field were previously operated with 
high drawdowns, which is clearly linked to sand production.  Since introduction of the drawdown limit, there have been no 
screen failures. The lack of apparent relationship may be due to the limited operating range of the wells in the field. It may be 
the case that if higher drawdowns were consistently applied, a relationship would become clear.  
 
In addition to further evaluation of the pressure drawdown (i.e. 𝑃𝑤𝑓 − 𝑃𝑟), the effect of reservoir pressure 𝑃𝑟 could be 
considered. The effects of reservoir depletion have been linked with sand production in the past and, as water injection is 
required to maintain reservoir pressure in the field, any production issues linked to loss in water injectivity might be associated 
with sand production. 
 
Flux 
The role of flux in relation to sand production has been established in prior papers (Arukhe, et al., 2005). This is defined as the 
inflow rate per unit area along the inflow area. Therefore, flux was investigated as a possible driver for sand production due to 
screen erosion.  
 
𝑓𝑙𝑢𝑥 =  
𝑄𝑙𝑖𝑞𝑢𝑖𝑑
𝐴
 
 
……….(5.) 
 
Laboratory testing has found a significant risk of screen erosion at flux rates exceeding 1000 blpd/ft for 5.5” premium screens 
(Internal Report, 2005). No wells in the field produce at this rate. However, high flux levels were found to correspond with 5 
out of 8 of the wells noted as either being anomalies, or having high sand production. This is likely due to these calculations 
being based on the assumption of uniform inflow along the horizontal well section, i.e. average flux. The true flux profile 
along the completed interval is not uniform, and cannot really be measured without use of a Production Logging Tool (PLT), 
which would allow the maximum flux to be calculated. It is this value that would be the driver for screen erosion. 
 
Watercut 
Watercut trends across the field are consistent. Wells with a large watercut show an increased propensity for solids production. 
This is manifested in increased frequency and severity of sanding events when the watercut reaches around 90±5% (Figure 
11). Previous studies have also noted this relationship (Morita, et al., 1987) (Selby & Farouq Ali, 1988) (Morita & Boyd, 
1991). This can be attributed to: 
 
 Reduction in capillary pressure 
 Washing away of cementation 
 Increased mobilisation of fines 
 Increased drag force on the formation 
 
Mixture density increases as the denser water phase increases in proportion with respect to the oil phase. Increased density 
results in a higher drag force which imparts greater stress on the formation. In addition, at water breakthrough, a reduction in 
relative permeability due to multiphase flow will increase drag forces on the formation as flow moves through the pore space. 
 
 
𝐹𝑑𝑟𝑎𝑔 ∝
𝜌𝑚𝑣
2
2
 
 
……….(6.) 
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This finding is supported by findings in the literature, identifying watercut as a prime agent of sand production.
 
Figure 11: Well 12 - effect of watercut on sand concentration 
 
OIW 
The effect of sand production on the separation efficiency of the process vessel was considered. Sand accumulation in the 
separator reduces the residence time of the fluid in the separator and, theoretically, leads to increased Oil in Water (OIW) and 
Water in Oil (WIO) measurements. No correlation was established between the OIW process measurements and either 
measured or calculated sand accumulation. This is attributed to the regular changing of the liquid interface level in the 
separator (which is not recorded) which changes the residence time. As two parameters (liquid level, sand mass) are changing 
one dependent variable (OIW), and precise liquid level is unknown, no relationship can be established. 
 
Multidisciplinary Approach 
As shown in this work, the scope of sand surveillance is wide-ranging. Sand production affects more than just the production 
system and, in many cases, the accumulation of solids in process vessels means that the process engineers are impacted most. 
The method described in this paper to quantify produced sand combines process data from the platform with production 
information to understand sanding mechanisms in the reservoir.  
 
It is important to draw on the wide range of data available in order to achieve a comprehensive and full understanding of sand 
production, which may then be incorporated into a sand management strategy for the field. This is especially the case, given 
that current sand monitoring methods are imperfect and sand prediction models quite often make profound assumptions to 
simplify complex solids production behaviour. 
 
Uncertainties 
Sampling frequency 
Assuming that measurements are representative, increasing the frequency of flow-line sampling gives more information on 
how the actual sand concentration is varying with time. It has been inferred that sand events occur in the hour-day timescale, 
so poor resolution in sampling frequency (e.g. weekly sampling) increases the likelihood that the event could be missed 
entirely. As sand events are responsible for high volumes of deposited sand, it is important to monitor these events in as much 
detail as possible to accurately predict the produced sand accumulation. From an operational point of view, frequent 
monitoring is required to justify choking back the liquid rate and arrest solids production, rather than allowing unconstrained 
sanding events to continue. 
 
As the sampling procedure is carried out by the offshore chemist, there is a resource limitation on the amount of measurements 
that can be taken. As demonstrated, the current sampling method provides an adequate numerical estimate of produced sand 
volumes for the field, and an appropriate back allocation of produced sand to individual wells. In particular, increased 
sampling frequency around high sand concentration measurements provides resolution in the dataset where it is most 
important (at sand events) for accurate volume calculation. 
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Reliable sand concentration measurement 
The accuracy of the calculated sand volumes depends on the extent to which the sand concentration measurements from the 
flow line sampling process are representative of the actual sand concentration. There are many factors which might 
compromise the reliability of the measurement reading, including: 
 
 Flow regime in the flow line – slugging, or fluidized bed of solids 
 Location of the sample line connection to the flow line 
 Changes in pipe diameters and orientation 
 Effects of shut-ins – settling of solids in the flow line 
 Potential poor sampling technique 
 Human error/interpretation of reading 
 Assumption that all solids produced are sand 
 
Error in measured sand accumulations 
There is some uncertainty in the measured volumes in the process vessels at each point in time. This is because they are 
emptied on an individual basis at separate times.  This is highlighted in appendix D.2. To some extent, these can be remedied 
by using the history matching process and the iterative process of verifying the model sand calculation with observed 
measurements as time goes on. 
 
Sand volume sensitivities 
A sensitivity analysis was run for the continuous sand volume calculation. This indicated that the calculated produced mass 
were very sensitive to the coherency limit. Density also played a significant role in affecting the calculated sand. These 
sensitivities are only valid for assessment of this dataset. Change in the period of investigation may show different sensitivities 
for the same process. Results are shown in appendix G.1. The discrete process does not show the same sensitivity to these 
parameters in terms of calculated volumes, since each data measurement is independent of sampling frequency, only 
contributing to the calculated sand total on that day. 
 
Conclusions 
This paper set out to investigate the potential of quantifying produced sand – volumes and particle sizes – using simple solids 
sampling techniques. In doing so, the discussion extends to the importance of accurate sampling and data acquisition and 
analysis techniques for the accuracy of the solution. By validating a model to calculate sand volumes against known sand 
accumulations, for the field under investigation, it was found that: 
 
 Produced sand volumes can be reliably estimated using flow line BS&W samples 
 The dominant behaviour in sand deposition is in short, transient bursts – high sand laydown in a short time 
 Sand production is not continuous 
 Sampling frequency should be increased in the event of a high measurement reading, to increase accuracy of sand 
volume calculations 
 Particle size distribution was not shown to exhibit signs of screen degradation for the investigated wells, but may be 
linked to high sand producing wells 
 
Following these developments, investigation into the operating parameters which may be related to sand production yielded 
the following insights: 
 
 Change in liquid rate is found to be a key operating trigger for high sanding events – for the field under investigation, 
this was responsible for around ¾ of all sand events 
 A high watercut, 90±5%, was found to increase the likelihood and severity of sanding events – this observation was 
consistent for all wells under investigation 
 Drawdown, Flux and OIW were not observed to be related to increased sand production 
 
Future Work 
 
 Conduct sand influx testing on wells, starting with those identified as being sand-prone or well anomalies, to correlate 
operating parameters with sand production under experimental conditions 
 Investigate the effects of fines migration in the reservoir, particularly with respect to well productivity impairment 
(formation damage) in the near wellbore 
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Nomenclature 
 
 
Sand concentration; % 
 
Volume; m
3
, bbl 
 
Volumetric flow rate; m
3
/s 
Q Volumetric flow rate; m
3
/day 
 
Drag force; N 
 
Mixture density; kg/m
3
 
 
Velocity, m/s 
 
Reservoir pressure; psia 
 
Flowing bottomhole pressure; psia 
 
Glossary of Terms 
 
BS&W Base sediment and water – watercut plus sand concentration 
Critical rate Liquid rate required to mobilise fines/sand 
Drawdown Pressure differential between reservoir pressure and pressure at sand face/bottomhole 
Fines Solid particles less than 45µm 
Flux Inflow per unit area of sand screen 
Laboratory solids More accurate measure of sand concentration than BS&W process 
Liquid rate Volume of produced liquids (oil and water) over time 
MASR Maximum Acceptable Sand Rate, the  
MSFR Minimum Sand Free Rate, lowest liquid rate a well can produce at and remain sand-free 
NtG Net to Gross, ratio of sandstone to shales 
OIW Oil-in-Water 
(O)OWC (Original) Oil Water Contact 
Sand Solid particles greater than 45µm 
Sand concentration Volumetric ratio of solids to total produced liquids (all solids assumed to be sand)  
Sand deposition rate Change in sand volume in process vessel with time 
Sand laydown rate See sand deposition rate 
Separator Process vessel used to separate oil, water and gas from produced reservoir fluid 
Settling velocity Terminal sinking velocity of particle in fluid, used to calculate settling time 
UCS Unconfined Compressive Strength 
Watercut Volumetric ratio of produced water to total produced liquids 
WIO Water-in-Oil 
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Appendix A.1: Critical literature review 
1 SPE No. 5152 
Title : Surface Flowline Sand Detection 
Authors: L. D. Mullins, W. F. Baldwin, P. M. Berry 
Year: 1974 
Contribution to understanding of sand production: 
Acoustic monitor which can be used to known the rate of sand production and concentration of sand particles within the 
flowing stream. 
Objective of the paper: 
Description of the development of an acoustic monitoring system to assess the sand production within a surface flowline. 
Methodology used: 
Acoustic monitor measures the signal caused by solid particles striking a probe within the pipe, which can be calibrate with 
an independent measure of velocity (e.g. flowrate) to calculate the sand production rate. 
Conclusions: 
 That the technology works and poses a potential means of assessing the problem of sand production in the future (at the 
time of writing). 
Comments: 
Paper from the first days of monitoring sand production in flowlines. 
 
2 SPE No. 8214 
Title : 
A Method of Monitoring Sand Production in a Flowing Well Stream 
Authors: 
C. R. Foster, T. W. Linville 
Year: 
1979 
Contribution to understanding of sand production: 
Details the application of an intrusive detector to identify flowing solids in a well stream. 
Objective of the paper: 
Description of the technology and advantages of installation.  
Methodology used: 
Internally placed probe, which monitors the response generated by solid particles striking a piezoelectric element. 
Appropriate filtering and signal processing isolates the important part of the signal. 
Conclusions: 
 Ideal for monitoring the onset of sand production. Experience and calibration is required for the probe to be most effective 
as an analytical tool. 
Comments: 
Basic paper – limited application at the time of writing, and operating principle different than the more commonly used 
acoustic or erosion based probes.  
 
3 SPE No.  16892 
Title : The Engineering Approach to Sand Production Prediction 
Authors: K. W. Weissenburger, N. Morita, A. J. Martin, D. L. Whitfill 
Year: 1987 
Contribution to understanding of sand production: 
Describes engineering process to evaluate completions or analyse sand problems in North Sea oil reservoirs and evaluate 
how much sand will be produced from wells. 
Objective of the paper: 
Describe an engineering system which can be used for analysis of sand problems or completion planning.  
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Methodology used: 
Builds on the numerical model for cavity stability (SPE 16899), integrates information from the geological description, 
log/core analysis and reservoir simulation. 
Conclusions: 
Framework for integration of a range of data into a numerical model allows forecasting of sand production from natural 
completions. 
Comments: 
Highlights the importance of integration of different data types in order to build up an appropriate picture of sand production 
problems. 
 
4 SPE No. 16990 
Title : Parametric Study of Sand-Production Prediction: Analytical Approach 
Authors: N. Morita, D. L. Whitfill, O. P. Fedde, T. H. Løvik 
Year: 1987 
Contribution to understanding of sand production: 
First parametric examination of the factors involved in cavity stability to explain most observed phenomena (effects of water 
cut, flow rate etc.). Sensitivity study parameters. 
Objective of the paper: 
As above. 
Methodology used: 
Parametric and dimensional analysis. Simple analytical method used for the sensitivities. 
Conclusions: 
 Separation of drawdown and local pressures helps to explain observed sand production phenomena. Shear and tensile 
failure cause instability problems for ductile formations. 
- Shear failures occur for weak formations if the in-situ stress is high or the well pressure is low. 
- Tensile failures occur for very high pressure gradients around a cavity due to high skin damage, partial perforation 
or a sudden increase in flow rate.  
Sand problems are enhanced by water cut. Identifies problems with cyclic loading. 
Comments: 
Comprehensive and mathematical evaluation of sand problems. 
 
5 SPE No. 16893 
Title : Gullfaks Subsea Wells: An Operator’s Implementation of a New Sand Production Prediction Model 
Authors: I. Massie, O. Nygaard, N. Morita 
Year: 1987 
Contribution to understanding of sand production: 
Details field implementation of production guidelines obtained from a computerised sand production prediction model. 
Objective of the paper: 
As above. 
Methodology used: 
Used the outcomes from a sand prediction study to selectively perforate the completions such that sand production was 
minimised. 
Conclusions: 
 Selective perforation was used to limit the sand production from subsea wells, based on the output of a predictive sand 
production model analysis. 
Comments: 
Wells and completions are different from those at field under investigation. Conclusions are not very applicable to problem 
posed for this study. 
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6 JCPT No. Vol. 27, No. 3 
Title : Mechanics of sand production and the flow of fines in porous media 
Authors: R. Selby, S. M. Farouq Ali 
Year: 1988 
Contribution to understanding of sand production: 
Understanding of the physical principles governing movement of sand grains and fines in sandstones.  
Objective of the paper: 
Investigate important factors governing movement of sand and fines, assisting to inform operating procedures in practical 
application. 
Methodology used: 
Linear flow laboratory experiments to study flow of fines, radial flow experiments to investigate sand production and two-
phase flow experiments to examine the effect of fines migration on relative permeability. 
Conclusions: 
Factors affecting fines production: interstitial velocity, initial fines in place, sand grain size (all directly proportional); 
density (inversely proportional). 
Factors affecting sand production: overburden pressure, fluid flow rate, sphericity and size of grains. 
Effect of multiphase flow: salt concentrations of water and fines appear to influence relative permeability.  
Comments: 
Scaled experiments, qualitative understanding of sand production. 
 
7 SPE No. 19476 
Title : The Cardinal Rules of Gravel Packing To Avoid Formation Damage 
Authors: P. H. Winchester 
Year: 1989 
Contribution to understanding of sand production: 
Awareness of important considerations in gravel pack application. Increases understanding of gravel packs, which are most 
common means of sand control and which are used in field under investigation. 
Objective of the paper: 
Discuss the most important factors to consider in the design of a gravel pack, to minimise formation damage.  
Methodology used: 
Lessons learned from application of gravel packs to the sand-prone Troll field, NNS. 
Conclusions: 
 List of guidelines. Can split into fluid considerations (minimising losses and contamination), interface considerations 
(where the formation meets the gravel pack should be free of contaminants and solids) and gravel pack considerations 
(correctly sized, perforated and packed correctly). 
Comments: 
  
8 SPE No. 17147 
Title : Predicting Sand Production in U.S. Gulf Coast Gas Wells Producing Free Water 
Authors: A. Ghalambor, A. Hayatdavoudi, C. F. Alcocer, R. J. Kollba 
Year: 1989 
Contribution to understanding of sand production: 
First attempt to incorporate free water production into a statistical sanding prediction model. 
Objective of the paper: 
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Development of a statistical model to predict sanding in the presence of free water production. 
Methodology used: 
Computer program developed to calculate in-situ rock constituents (matrix, clay, water etc.) and solve stress calculations 
using the Mohr’s circle stress failure criterion. 
Conclusions: 
 Correlating amount of water produced was unsuccessful using the Mohr’s circle method. Achieving a sanding prediction in 
the presence of produced water was successful. 
Comments: 
Interesting use of statistical correlation to predict produced sand. 
 
9 SPE No. 21460 
Title : Inflow Performance of Horizontal Wells 
Authors: P. A. Goode, F. J. Kuchuk 
Year: 1991 
Contribution to understanding of sand production: 
Important to understand how flow is drawn into horizontal wells as these will be analyzed in field under investigation.  
Objective of the paper: 
Develop new formula to detail the inflow performance of horizontal wells in relation to the common parameters used in 
Darcy’s law. 
Methodology used: 
Fundamental equations of fluid flow using Darcy’s law, extended to the boundary conditions relating to horizontal wells in a 
rectangular drainage area with and without constant pressure boundaries. 
Conclusions: 
 New inflow performance formulae. 
Comments: 
Some assumptions made in the derivation can be neglected such as radial flow, or the length of the horizontal section. 
 
10 SPE No. 22739 
Title : 
Typical Sand Production Problems: Case Studies and Strategies for Sand Control 
Authors: 
N. Morita, P. A. Boyd 
Year: 
1991 
Contribution to understanding of sand production: 
Outlines the most common sand production scenarios found in field, and looks at the evaluation of compressive strength 
(important parameter governing sand production) from core samples. Details tensile/shear loading effects and their 
implications for sand production. 
Objective of the paper: 
Presentation of five typical sand problems that are commonly observed in the field, with strategies to mitigate the risk posed.  
Methodology used: 
Field data is used to illustrate the discussion. 
Conclusions: 
Shear (BHP decreased) and tensile (large flow rate) failure dominant during sand problems. 
Comments: 
Builds on Morita’s prior work. Discussion regarding unconsolidated sandstones and sand production after water 
breakthrough is beneficial, as these are encountered in studied field. 
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11 SPE No. 22792 
Title : Sand Production Prediction Review: Developing an Integrated Approach 
Authors: C. A. M. Veeken, D. R. Davies, C. J. Kenter, A. P. Kooijman 
Year: 1991 
Contribution to understanding of sand production: 
Understanding of the various techniques of sand production prediction at the time of publishing.  
Objective of the paper: 
Critical review and evaluation of current generation (at time of publication) sand prediction techniques.  
Methodology used: 
Validation between 3 categories of information: field data, laboratory experiments and theoretical modelling to build up a 
coherent picture of the reservoir/production behaviour. 
Conclusions: 
Integrated approach is recommended – all data is highly complementary and limitations of one method will be covered 
Comments: 
Historical data relating sanding/production rates over long periods, and similarity between well responses will assist with 
correlation. 
 
12 SPE No. SPE Series on Special Topics Volume 1  
Title : 
Sand Control 
Authors: 
W. L. Penberthy Jr, C. M. Shaughnessy 
Year: 
1992 
Contribution to understanding of sand production: 
Very thorough compilation of sand control theory. Detailed introduction to sand production theory, and a comprehensive 
evaluation of important design parameters and strategies for various sand control completions (screens, slotted liners, gravel 
packs etc.) 
Objective of the paper: 
Special topics monograph detailing selection of correct sand-control completions, and the correct procedures to implement 
these strategies. 
Methodology used: 
Draws on conclusions from a wide range of important papers outlining important design considerations and correct 
procedures for implementing a sand control strategy. 
Conclusions: 
 Many. As the monograph is intended to be used as a design tool, it is essentially a list of conclusions drawn from a range of 
SPE papers. Key areas in which conclusions are drawn include: 
- causes of sand production 
- screen, slotted liner and gravel pack performance, design and installation 
- guidelines for selecting a sand control method 
Comments: 
Very helpful as an introduction to sand control and understanding the key factors which impact sand production. Also 
helpful in understanding the completions design on field, detailed in SPE 73726 and 73727. 
 
13 SPE No. 54011 
Title : 
The Diagnosis, Well Damage Evaluation and Critical Drawdown Calculations of Sand Production 
Problems in the Ceuta Field, Lake Maracaibo, Venezuala 
Authors: A. R. Vasquez, M. S. Sanchez, R. L. Yanez, W. Poquioma, M. Rampazzo, K. El Chirity 
Year: 1999 
Contribution to understanding of sand production: 
Details a methodology using geomechanics of assessing the critical drawdown value at which to produce wells, applied to 
the Ceuta field in Venezuala.  Outlines notable production practices which affect the production of sand from the reservoir. 
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Objective of the paper: 
To analyse the sand production problems associated with the mentioned field, using production and geomechanical data to 
inform operational procedures to minimise formation failure and excessive sand production. Included the definition of a 
relationship between sand and fluid production. 
Methodology used: 
Gathered historical data on sand production, choke size and oil production. Used special laboratory experiments based on 
core samples to establish the stress limits for rock failure and onset of sand production (i.e. critical drawdown limit). 
Conclusions: 
Relevant: the effects of using proper choke sizes and excessive choke changes are important in management of sand 
production. Cyclic loading and strength degradation of rock important factors, as well as unstable cavities (perfs) and not 
allowing the well to reach continuous sand production regime. 
Comments: 
The field is not an analogue one, it is well consolidated and uses cased-hole completions. The operator already has a critical 
drawdown limit established for the field. No value in recalculating. 
Mentions problems with unplugging pipes when sanding and scaling problems occur simultaneously – may be a point of 
investigation? 
 
14 SPE No. 84495 
Title : Drawdown Guidelines for Sand Control Completions 
Authors: D. L. Tiffin, M. H. Stein, X. Wang 
Year: 2003 
Contribution to understanding of sand production: 
First use of flux based correlation with sand production to establish sand control procedures. 
Objective of the paper: 
Discussion of the advantages of correlating observed sand production with flux (inflow/area) rather than the traditionally 
used drawdown characteristic. 
Methodology used: 
Used production data across a range of open and cased hole completions and established a relationship based on the premise. 
Conclusions: 
 Flux based correlation can improve the operation of sand producing wells for cased hole completions (with a complete 
annulus pack around an undamaged screen). Identification of problematic operating criteria can be made via such 
correlations. 
Comments: 
Did not establish a correlation for openhole completions. An incomplete annulus pack makes defining the inflow area very 
difficult. 
 
15 SPE No. 97299 
Title : 
Horizontal Screen Failures in Unconsolidated, High-Permeability Sandstone Reservoirs: Reversing the 
Trend 
Authors: 
J. Arukhe, C. Uchendu, L. Nwoke 
Year: 
2005 
Contribution to understanding of sand production: 
Highlights the common  
Objective of the paper: 
Review and evaluate available completion methods for sand control in horizontal wells and make “best-practice” 
recommendations.  
Methodology used: 
Analysis of latest findings from papers, case studies from failure of standalone screens and gravel packs. 
Conclusions: 
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 Screen failure: high pressure drops/hot spots of localized production; incorrect procedures e.g. installation, cleanup etc; 
poor reservoir understanding in grain size distribution, sanding due to water production etc. 
Gravel pack: generally increases screen life but may fail in case of improper installation. 
Exact selection of completion method depends on requirements, recommends a surveillance technique to reduce the risk of 
screen failure. 
Comments: 
Attempting to correlate sand production directly with drawdown proved unsuccessful, but using flux (inflow per unit area of 
screen) was a reliable technique for separating safe wells from those producing sand. (SPE 84495) 
 
16 SPE No. 96151 
Title : 
A Laboratory Study of the Effect of Installation of Reticulated Expandable Liners on Sand Production in 
Weakly Consolidated Sandstone Formations 
Authors: A. Nouri, H. Vaziri, E. Kuru, R. Islam 
Year: 2005 
Contribution to understanding of sand production: 
Understanding of the role of reticulated expandable liners on sand production in weakly consolidated formations. 
Objective of the paper: 
Observe whether sanding could occur in wellbores supported by reticulated liners and the role of the mesh opening size to 
the grain size on the onset and severity of sanding. Magnitude of sanding depends on aperture size. 
Methodology used: 
Laboratory experiments conducted using Hollow Cylinder samples. 
Conclusions: 
Liners provide enhanced grain on grain friction which is effective in preventing shear failure around the wellbore and 
reducing sanding. 
Comments: 
Pore collapse is more likely since stresses build up in the medium around the well,; permeability damage may be caused by 
application. 
 
17 SPE No. 94511 
Title : Production Enhancement From Sand Management Philosophy. A Case Study from Statfjord and Gullfaks 
Authors: J. Andrews, H. Kjørholt, H. Jøranson 
Year: 2005 
Contribution to understanding of sand production: 
Discussion of production gains from managing sand production in a controlled manner rather than trying to exclude it 
entirely. 
Objective of the paper: 
As above. 
Methodology used: 
Based on operational experience at Statfjord and Gullfaks fields, NNS. 
Conclusions: 
- Transferring from maximum sand free rate to maximum acceptable sand rate has produced much higher production in 
these fields. 
Comments: 
Pertinent to recommending a sand management strategy. 
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18 SPE No. 95870 
Title : Bean-Up Guidelines for Sand-Control Completions 
Authors: M. B. Geilikman, D. E. Dria, D. R. Stewart, G. K. Wong 
Year: 2005 
Contribution to understanding of sand production: 
Improved understanding of the important factors governing bean-up procedures in order to preserve formation integrity. 
Essentially, linking the choice of operations to the effect on completions.  
Objective of the paper: 
Investigate the effect of bean-up parameters (size of pressure step, frequency). 
Methodology used: 
Core tests and synthetic core tests in the laboratory. Test of Saucier theory (ratio of gravel pack diameters for pack 
impairment).  
Expansion on Hawkins’s Skin theory for damage around a wellbore. This model to calculate skin relating to operational 
parameters is used to evaluate effects of bean-up steps and sizes etc. 
Conclusions: 
- Bean-up with smaller incremental drawdown and shorter time between choke changes is preferred to higher 
drawdown with longer waiting time. 
- Continuous bean-up preferable to step-wise bean-up. 
- Drawdown impacts the skin more than bean-up time. 
Comments: 
Related to transient sanding behaviour. Study does not consider factors such as rock failures and sand production which may 
be critical in optimising bean-up operations. 
 
19 SPE No.  89895 
Title : 
Sanding: A Rigorous Examination of the Interplay Between Drawdown, Depletion, Startup Frequency, 
and Water Cut 
Authors: H. Vaziri, R. Allam, G. Kidd, C. Bennett, T. Grose, P. Robinson, J. Malyn 
Year: 2006 
Contribution to understanding of sand production: 
Evaluation of effects of multiple variables on sanding – more rigorous evaluation of sanding variable interaction. 
Objective of the paper: 
Focus on both rock and sand properties and the effects on  
Methodology used: 
Analysis of sanding across multiple wells in two different fields. 
Conclusions: 
 Observed sanding does not correlate directly to depletion – rather it is a combination of factors including DD, frequency of 
shutdowns, WC, bean-up rate etc. 
Comments: 
Perforation diameter also plays a key role in unconsolidated sands (not relevant for studied field). 
 
20 SPE No. 102305 
Title : Prediction of Sand Production Rate in Oil and Gas Reservoirs: Importance of Bean-Up Guidelines 
Authors: P. J. van den Hoek, M. B. Geilikman 
Year: 2006 
Contribution to understanding of sand production: 
Discussion of bean-up procedures and their effect on the cumulative volume of produced sand from a sand-prone reservoir. 
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Objective of the paper: 
Make observations about sand production behaviour related to bean-up strategy. 
Methodology used: 
Use of a previously devised sand prediction model (same authors) applied to study bean-up strategy. 
Conclusions: 
- Cumulative amount of sand produced into the wellbore during bean-up exhibits only a limited dependency on bean-
up policy. 
- If large sand production volumes are expected under prevailing conditions, beaning up a well in small steps 
increases the risk of sand-up and also repeated sand-ups before the well can be produced.  
- Beaning back a well in the initial stages of transient sand production increases the risk of sand up. 
- Risk of sand-up resulting from water breakthrough is larger when the prior drawdown was kept low to limit sand 
production. 
Comments: 
Interesting results – entirely coherent with below? The model used is discussed in SPE 84496. 
 
21 SPE No.  100944 
Title : 
Practical Approach To Achieve Accuracy In Sanding Prediction 
Authors: 
K. Qiu, J. R. Marsden, J. Alexander, A. Retnanto, O. A. Abdelkarim, M. Shatwan 
Year: 
2006 
Contribution to understanding of sand production: 
 Emphasis on the inclusion of easily measurable parameters within an analytical model to provide an accurate means of sand 
production prediction.  
Objective of the paper: 
 Development and application of a reliable sand prediction technique based on  
Methodology used: 
 Uses an analytical model based on simple linear elastic analysis and inputs from laboratory experiments to account for rock 
failure, plasticity and scale effects. 
Conclusions: 
Semi-analytical model achieved accuracy in sanding prediction relative to field data for Messla field, Libya. Sand prediction 
models need not be complex, if errors in input data are minimised as far as possible. 
Comments: 
Information compiled from laboratory studies, numerical models and field validation. 
 
22 SPE No. 114781 
Title : Sand Management: What Are We Sure Of? 
Authors: A. G. Slater, M. Byrne, C. A. McPhee, P. McCurdy 
Year: 2008 
Contribution to understanding of sand production: 
Very comprehensive assessment of all pertinent questions and design criteria that should inform a sand management team in 
performing their role. 
Objective of the paper: 
As above. 
Methodology used: 
Summarise important papers and common design methodology. 
Conclusions: 
 Erosion and corrosion likely to collapse screens. Critical flux rates are given for screens. Reinforces importance of 
numerically modelling the rock and sand system to predict failure. Provides best practice for PSD and sand retention testing. 
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Comments: 
Document will be useful to check with available data e.g. PSD data. 
 
 Appendix A.2: Critical Milestones 
SPE Paper Year Title  Author(s) Contribution 
5152 1972 
Sand Production Determined 
from Noise Measurements 
N. Stein, J. Kelly, W.F. 
Baldwin, W.E. McNeely 
First to develop (sonic) tool to measure sand production allowing information on: 1) 
Sand production rates 2) Locations of sand producing intervals 
8214 1979 
A Method of Monitoring Sand 
Production in a Flowing Well 
Stream 
C.R. Foster, T.W. Linville 
First application of sonic sand detection system to Gulf of Mexico assets, with 
discussion on redundancy and interpretation of data 
16892 1987 
The Engineering Approach to 
Sand Production Prediction 
K.W. Weissenburger, N. 
Morita, A.J. Martin, D.L. 
Whitfill 
First to establish a comprehensive engineering system based on reservoir 
characterization, log analysis and core rock samples to be used in sand production 
prediction 
16893 1987 
Gullfaks Subsea Wells: An 
Operator's Implementation of a 
New Sand Production Prediction 
Model 
I. Massie, O. Nygaard 
First use of computer based sand prediction model and field implementation of 
outcomes at Gullfaks field, NNS 
16990 1989 
Parameteric Study of Sand-
Production Prediction: 
Analytical Approach 
N. Morita, D.L Whithall, 
O.P. Fegge, T.H. Lovik 
First separate analysis of independent factors on sand production (well pressure and 
local pressure gradient around a cavity) 
22739 1991 
Typical Sand Production 
Problems: Case Studies and 
Strategies for Sand Control 
P.A. Boyd, N. Morita 
First to group sand production problems into five recurring issues commonly observed 
in field, including water breakthrough and unconsolidated formations 
22793 1991 Gravel Placement in Wells W.L. Penberthy, E.E. Echols Comprehensive evaluation of gravel packing techniques and procedures 
87325 2003 
Development of the Alba Field - 
Evolution of Completion 
Practices, Part 1: Openhole 
Screen-Only Completions to 
Gravel Pack 
G. Murray, J. Brookley, S. 
Ali, E. Davidson, N. 
McMillan, J. Roberts 
First description of the challenges and design strategy used for completions applied to 
the studied field 
84495 2003 
Drawdown Guidelines for Sand 
Control Completions 
D.L. Tiffin, M.H. Stein, X. 
Wang 
First flux-based approach (volumetric rate/unit area) to determine max. safe production 
rates through a screen in sand control completions; method uses correlations across 
>200 wells 
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95870 2005 
Bean-up Guidelines for Sand-
Control Completions 
M.B. Geliekman, D.E. Dria, 
D.R. Stewart, G.K. Wong 
First to produce a model quantifying production impairment caused by formation 
impairment (fines mobilisation only) and induced by transient pressure gradients from 
bean-up operations 
96151 2005 
A Laboratory Study on the 
Effect of Installation of 
Reticulated Expandable Liners 
on Sand Production in Weakly 
Consolidated Sandstone 
Formations 
A. Nouri, H. Vaziri, E. Kuru, 
R. Islam 
First laboratory investigation into effects of reticulated expandable liners on rate of 
sand production, for various perforation sizes 
100944 2006 
Practical Approach to Achieve 
Accuracy in Sanding Prediction 
K. Qui, J.R. Marsden, J. 
Alexander, A. Retnanto, 
O.A. Abdelkarim, M. 
Shatwan 
First application of a semi-analytical sand prediction model based solely on a 
description of rock stresses/strength (with application to Messla field, Libya) 
102305 2006 
Prediction of Sand Production 
Rate in Oil and Gas Reservoirs: 
Importance of Bean-Up 
Guidelines 
P.J. van den Hoek, M.B. 
Geilikman 
First to present sand production rate prediction model based on rock deformation and 
failure aspects, and evaluate link to bean up procedures and problematic sand 
production 
  
Appendix B.1: Sand monitoring 
The foremost techniques for monitoring sand production are either erosion or acoustic based sensors. Sand probes are invasive 
devices that relate the presence of sand inside a flowline to the measured change in resitivity caused by erosion of a sensor. 
Acoustic sensors are installed on the external flowline surface, and measure changes in amplitude of a sonic signal generated 
by impingement of sand particles on the internal wall of a pipe. Accuracy of these measurements depends greatly on 
production rates, and fluid properties. 
 
Erosion probes were not installed due to the high viscosity of the fluid, and expected flow rates (erosion probes are more 
suited to high rate gas wells). For the field under investigation, there are some acoustic sensors installed on subsea wells. 
These need to be calibrated regularly and are sensitive to changes in fluid type or flow regime (i.e. multiphase flow). For the 
studied field, the rapidly changing watercut reduces the effectiveness of the sensors, except to a qualitative sanding 
assessment. The method of calibration for acoustic sensors is usually by injecting a known volume of sand into the piping at a 
known rate and measuring the response.   
 
As shown in Figure B.1-1 below, the onset of sanding is characterized by increased intensity in the acoustic sand monitor 
signal. The signal is erratic and it is difficult to calibrate effectively for volume prediction, although it is clear that some sand 
is being produced. Note that this example is from a high rate gas field, but the behaviour of the signal is similar in any 
application. 
 
 
Figure B.1-1: Acoustic sand monitor (gas well) 
 
Description of event: 
 
Initially, the choke is opened which increases 
the liquid rate and reduces the wellhead 
pressure.  
 
The very low liquid rate and flowline 
temperature signals before the choke opening 
indicate that the well was likely shut-in and the 
sand event is related to a start up. 
 
As the liquid rate increases (choke opened 
progressively), sand is produced as identified 
by the acoustic sand monitor signal. 
 
To reduce the produced sand, the choke is 
closed, increasing the wellhead pressure and 
reducing the liquid rate to zero. The well is 
shut-in. 
 
 
  
ACOUSTIC SAND MONITOR 
FLOWRATE 
FLOWLINE TEMPERATURE 
 WELLHEAD PRESSURE
Sand event 
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Appendix C.2: Sand control completions 
Wells in the investigated field exhibit a range of sand control completion designs; evidence of continual progress in achieving 
the optimal design to maximize productivity and well life, and minimize solids production (Murray, et al., 2003). 
 
Figure C.2-1 and Table C.2-1 show the range of completions for the wells under investigation in the field.  
 
The completion types are as follows: 
 Stand alone screen (SAS)  
 Pre-drilled liner with gravel pack (PLGP) 
 Open hole gravel pack (OHGP) 
 Open hole stand alone screen (OHSAS) 
 
 
 
 
Figure C.2-1: Studied well completion types 
 
 
Table C.2-1: Studied well completion types 
 
Well Completion Completion Date Total length, 
ft. 
NtG, % Gravel Pack 
Efficiency, % 
Sand History Mud Type 
1 SAS 01/03/2005 491 84 n/a No Sand History OBM 
2 PLGP 11/08/2010 1423 77 84 No Sand History OBM 
3 OHGP 01/10/1999 1527 100 50 No Sand History WBM 
4 PLGP 21/07/2011 1532 86 100 No Sand History OBM 
5 PLGP 21/06/2012 613 90 100 No Sand History OBM 
6 OHGP 01/11/2005 748 97 138 No Sand History OBM 
7 OHGP 18/01/2000 1394 95 100 No Sand History WBM 
8 PLGP 01/08/2001 680 100 102 No Sand History OBM 
9 OHGP 01/12/2002 445 99 118 No Sand History WBM 
10 BLPLGP 01/05/2006 1032 64 100 No Sand History OBM 
11 PLGP 01/05/2004 1976 78 114 No Sand History OBM 
12 PLGP 21/06/2010 754 100 100 No Sand History OBM 
13 OHGP 04/10/2003 661 97 111 No Sand History WBM 
14 OHGP 01/07/2005 471 100 106 No Sand History WBM 
15 PLGP 10/09/2012 605 54 101 No Sand History OBM 
16 OHGP 15/11/2003 900 91 127 No Sand History WBM 
17 PLGP 26/06/2009 846 74 104 No Sand History OBM 
18 OHGP 01/04/1999 1400 73 106 No Sand History WBM 
19 OHGP 26/10/2000 826 100 127 No Sand History WBM 
20 BLPLGP 01/02/2006 1780 100 100 No Sand History OBM 
21 PLGP 01/01/2002 445 100 121 Sand History WBM 
22 BLPLGP 01/03/2007 986 100 116 No Sand History OBM 
23 OHSAS 01/03/1996 - 100 - Sand Free/Fail WBM 
24 OHGP 01/12/1999 1315 83 126 No Sand History WBM 
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Figure C.2-2 indicates one of most common completion designs in the field (Pre-drilled liner with gravel pack - PLGP). This 
comprises a pre-drilled liner (orange), openhole gravel pack (green) and premium sand screen (blue). The Openhole gravel 
pack (OHGP) design is similar to PLGP, but without the pre-drilled liner. 
 
The function of each of these components is as follows: 
 Pre-drilled liner: provides stability to the gravel pack in open borehole, enables efficient gravel packing tight to 
screen and sand face 
 Gravel pack: coarse filtering medium, containing gravel which is generally sized to 𝐷5𝑜 𝑔𝑟𝑎𝑣𝑒𝑙 = 6(𝐷50 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛) 
(Saucier, 1969). 
 Premium sandscreen: fine filtering medium, comprising a mesh weave sized to around  𝐷5𝑜 𝑠𝑐𝑟𝑒𝑒𝑛 = 𝐷10 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 
 
The formation sand is filtered by the completion through a process of sand bridging and sand arching (Penberthy Jr. & 
Shaughnessy, 1992). Only the finer particles pass the screen and are produced (designed to be < 80µm). 
 
 
Figure C.2-2: PLGP completion design 
 
 
 
 
Figure C.2-3: Completion filtering on measured PSD 
 
1. (Larger) formation sand 
2. Produced sand 
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Appendix D.1: Platform Solids Sampling Procedure 
Sampling is conducted at the indicated point upstream of the wellhead and downstream of the manifold where wells are routed 
to a process train (i.e. 1
st
 stage separator). The process involves the offshore chemist taking a fluid sample from a sample line 
which is connected to the flow line (figures D.1-1, D.1-2). The fluid sample is then transferred to a conical bottomed flask and 
centrifuged (figure D.1-4). The solids congregate at the bottom of the container and the volumetric proportion of solids to 
fluids is recorded by the offshore chemist. The conical bottom enables a more accurate determination of solids concentration, 
as the scale in non-linear i.e. higher precision at lower solids concentrations. 
 
Note:  
 
Strictly speaking, the BS&W measurement is  
𝑉𝑠𝑜𝑙𝑖𝑑𝑠 + 𝑉𝑤𝑎𝑡𝑒𝑟
𝑉𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑𝑠
 . 
 
This is the sum of the sand concentration, 𝜓 =
𝑉𝑠𝑜𝑙𝑖𝑑𝑠
𝑉𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑𝑠
 and the water cut, =
𝑉𝑤𝑎𝑡𝑒𝑟
𝑉𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑𝑠
 . 
 
 
 
  
  
 
 
 
 
 
Figure D.1-1 to D.1-5: 
(Clockwise from left) Solids 
sampling location and the 
process of measuring solid 
concentration on the platform 
(BS&W measurement). 
Uncertainties in the BS&W process can be attributed to: 
 Flow regime in the flow line – slugging, or fluidized bed of solids 
 Location of the sample line connection to the flow line 
1. 2. 3. 4. 
5. 
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 Changes in pipe diameters and orientation 
 Effects of shut-ins – congregation of solids in the flow line due to settling 
 Potential poor sampling technique 
 Human error/interpretation of reading 
 
The first four of these are concerned with achieving a sample that is representative of the volumetric concentration of solids in 
the produced fluids. The last two are concerned with human error, but these are less likely to be a factor as the process is quite 
simple and the offshore chemists/lab technicians are experienced. 
 
 
Figure D.1-6:  
BS&W sampling frequency by 
well 
 
Assuming regular sampling 
i.e. that the sampling 
frequency is constant; this 
graph indicates relative 
sampling frequency for the 
platform wells under 
investigatin. 
 
 
The above graph is indicative of the amount of BS&W samples that are available for the platform wells, assuming that 
sampling frequency is constant. Since this assumption is incorrect, too much weight should not be based on this graph in terms 
of assigning relative accuracy of sand volume calculations. However, it is instructive in getting a ballpark estimate of the 
sampling timescales for the wells under investigation – that is, daily-weekly in the best case and weekly-fortnightly-monthly in 
the worst. 
 
The laboratory sampling procedure uses the same method of fluid sampling, but reduces the reading error associated with the 
BS&W process through the use of more advanced technology. The laboratory solids concentrations are an order of magnitude 
more accurate than the offshore samples. 
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Appendix D.2: Volumes in place in process equipment 
 
To validate the calculated volumes using the developed methodology, the sand accumulations at a point in time need to be 
known. This information is acquired through: 
 Calculation based on radioactive scanning of phase interfaces in process vessels (Table D.2-1) 
 Invasive cleanouts of process vessels (Table D.2-2) 
 
The sand volumes in place in 2013 (Table D.2-1) are calculated by integration of the cross-sectional area across the length of 
the process vessel using the monitored sand phase levels. Table D.2-2 contains these calculated volumes, and the volumes 
emptied from the vessels during past cleaning operations. Exact dates have been removed for confidentiality. 
 
 
 Estimated Deposit/ Sand level (mm) Calculated Sand Volumes 
1 2 3 av. ** 
Production Sep. 1 300 0 600 300.00 19.76 tonnes 
Production Sep. 2 0 800 1600 800.00 83.40 tonnes 
Production Sep. 3 900 1190 1000 1030.00 90.32 tonnes 
3 Degasser 450 750 900 700.00 24.95 tonnes 
3 Coalescer 1950 1700 
 
1825.00 189.38 tonnes 
Polishing Vessel 850 500 650 666.67 37.09 tonnes 
Cyclone Water Recirculation Vessel  0 0 0 0.00 0.00 tonnes 
 
Table D.2-1: Calculation of sand mass in vessels from radioactive phase interface scans 
 
 
 
Vessel 2008 2009 2010 2011 2012 2013  
Production Sep. 1   300     176 125 19.76 tonnes 
Production Sep. 2   305     185   83.40 tonnes 
Production Sep. 3 233     310     90.32 tonnes 
3 Degasser 42     55     24.95 tonnes 
3 Coalescer 120     110     189.38 tonnes 
Polishing Vessel             37.09 tonnes 
 
Table D.2-2: Known sand mass in place for vessels over time  
 
A problem in using these volumes for validation of calculated sand volumes is that the volumes in process vessels are 
available at different times. It is simply too time-consuming and costly to conduct cleaning operations on all vessels 
simultaneously – or shut down for a long enough period for this to be done. The calculated data in 2013 is the first time that all 
process volumes are known at one time. To cross-check calculated volumes with sand accumulations, the sand volume in all 
vessels in December 2012 is assumed to be 0. This follows recent invasive cleanouts of Production Sep. 1, Production Sep. 2, 
Production Sep. 3, 3 Degasser, 3 Coalescer. Sand volumes are known in 2013, as discussed. Hence, the period 30.11.11 – 
12.03.13 can be used for validation of the calculated volumes. Accumulation in the polishing vessel is relatively small, and is 
ignored. 
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Assumed volumes 30.11.2011 12.03.2013 Laydown rate 
(tonnes/day) 
Production Sep. 1 0 145 0.31 
Production Sep. 2 0 83 0.18 
Production Sep. 3 0 90 0.19 
3 Degasser 0 25 0.05 
3 Coalescer 0 189 0.40 
Total 0 533  
 
Table D.2-3: Assumed sand accumulation in vessels over shown period 
 
This calculated accumulation of 533 tonnes is used to validate the produced sand for the field. 
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Appendix D.3: Particle Size Distribution 
The size of produced particles is monitored and assessed using Particle Size Distribution (PSD) analysis. Table D.3-1 and 
Figure D.3-1 show a typical Particle Size Distribution analysis as conducted on the solids samples for the field referenced in 
this paper. The analysis splits the particles into bins – size ranges – and measures the proportion (by volume) of the sampled 
solids particles that constitute each size range.  
 
Well 11 
 
 
Size Low (µm) ln % Under % 
0.2 1.05 1.05 
0.59 3.59 4.65 
0.86 6.72 11.37 
1.26 8.54 19.92 
1.84 9.56 29.47 
2.7 11.13 40.61 
3.95 13.31 53.91 
5.79 12.94 66.86 
8.48 9.83 76.69 
12.43 6.5 83.19 
18.21 5.07 88.26 
26.68 3.88 92.14 
39.08 2.04 94.18 
57.25 1.21 95.38 
83.87 1.74 97.13 
122.87 1.99 99.11 
 
 
 
 
Figure D.3-1:Well 11 Particle Size Distribution 
 
 
 
 
Table D.3-1: Well 11 Particle Size Distribution 
 
A steep gradient on the PSD curve (Under%) indicates that the formation is well sorted, as there is not much variation in the 
particle size. Shallower gradients indicate less well sorted formations, which might present a problem for sand control 
completions as these must be designed to retard flow of a certain particle size and over into the wellbore. 
Figure C.2.2 shows the difference in PSD between the formation sand and the produced sand. Without any sand control, these 
curves would be much more similar. The sand screen mesh weave operates primarily by size exclusion for solids 
concentrations of less than 1%, and so retains the vast majority of the particles larger than the opening of the mesh weave. 
 
 Figure D.3-2: Formation sand vs Produced sand PSD 
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Appendix D.4: Summary of available information 
 
The following table summarises the available data to be used in the sand monitoring tool. 
 
Available Data 
Type Source Measures Sampling Timescale 
PSD data Laboratory Particle size, µm Monthly 
Platform measurement sand 
concentration 
Offshore chemist BS&W Sand concentration, % Daily/weekly 
Laboratory sand concentration Corelab Sand concentration, % Monthly 
Process vessel volumes Vessel cleanouts Sand mass, tonnes 1-2 years 
Table D.4-1: Available Data 
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Appendix E.1: Sand concentration signal creation 
The general process of the sand concentration signal creation is described in the main body of this report. Here more focus will 
be placed on the origin and effect of some of the pre-processing parameters. 
 
There are two measurements for sand concentration – from the BS&W process and from the laboratory solids measurement. 
The laboratory solids measurement is more accurate, but is less frequent. Sometimes, these measurements are taken on the 
same day. In order to increase the accuracy of the BS&W measurements, the difference between the two sand concentrations 
from different techniques was investigated for each well for every occurrence that they were taken on the same day. 
 
For example: it was thought that if the BS&W measurements consistently over-estimated the produced sand with respect to the 
laboratory measurement, then they could be scaled down to be more accurate. This would result in a closer estimate of sand 
volumes due to increased accuracy in the sand concentration measurement. 
 
As can be seen in Figure E.1-1, this consistent relationship does not exist. Therefore, a coherency limit is introduced instead. 
 
This is a way to remove unrepresentative samples from the sand concentration dataset, hence changing the sand volume 
calculation. The difference between the two different sand concentration measurements (on the same day) has to lie within the 
user defined limit (dashed lines). If not, then the data is not coherent, hence not representative, and anything outside the 
bounds of the user defined limits is discarded.  
 
This user defined limit is a pre-processing parameter denoted Δ i.e. difference between measurements. 
 
 
Figure E.1-1: Sand concentration pre-processing – effects of Δ 
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The other pre-processing parameter in use is for simple gross error removal. Appendix D.1 discussed sources of error in the 
BS&W sand concentration measurements. In order to ensure that unrepresentative measurements are not included in the 
calculation, a user defined maximum sand concentration limit – lim. – is another pre-processing cutoff. This removes sand 
concentration measurements above the limit from the dataset before calculating sand volumes.  
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Appendix E.2: Total produced sand calculations 
Table E.2-1 contains calculated well volumes for the period 30.11.11–12.03.13. The total produced sand volumes for the field 
using the continuous and discrete sand concentration assumptions are highlighted. As discussed in the main body of this 
report, the discrete formulation provides a more reliable estimate of produced volumes. Based on the assumptions used in 
calculation of the sand volumes below – and the assumptions in noting observed sand volumes over this period (Table D.2-3) 
– the match is good. 
 Calculated Well Volumes: 30.11.11 – 12.03.13 
Well Sand Vol. 
continuous 
Sand Vol. 
discrete 
Cum. Vol. 
cont. 
Cum. Vol. 
discrete 
1 0 2 0 2 
2 35 13 35 15 
3 13 48 48 63 
4 9 3 58 66 
5 344 47 402 114 
6 0 0 402 114 
7 366 61 768 175 
8 100 11 868 186 
9 53 14 920 200 
10 5 39 925 239 
11 49 1 974 239 
12 112 30 1086 269 
13 95 19 1181 288 
14 5 11 1187 299 
15 11 25 1198 324 
16 43 14 1241 338 
17 253 33 1494 371 
18 37 18 1532 389 
19 4 1 1535 390 
20 62 14 1597 404 
21 122 142 1720 546 
22 23 9 1743 555 
23 2 29 1745 583 
24 15 5 1761 589 
 
 
Table E.2-1: Calculated well volumes using developed method (see main report) 
 
Comparison of the highlighted values in Tables D.2-3 and E.2-1 indicates the accuracy of the volume calculation process 
outlined in the main body of this paper. The continuous assumption overestimates by a factor of 3.3, whilst the discrete 
assumption is very close to the observed sand volumes. Considering that sand accumulation in the polishing vessel is not 
added, the calculation accuracy is, in reality, even closer. 
 
 
 
𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑉𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
 
where accuracy = 1 indicates best case 
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Using the continuous sand concentration assumption: 
𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
1761
533
 
 
𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 3.3 
Using the discrete sand concentration assumption:  
𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
589
533
 
 
𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 1.1 
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Appendix F.1: Investigation of first start-up 
Production was investigated for the start-up of a new well (25), outside the period of investigation used for generation of the 
sand volume calculation model. During this period, sampling is conducted hourly and so presents a good opportunity to 
observe solids production from a well in good resolution. Solids production is seen when well 25 is brought online, although 
this can be attributed to solids residue from the drilling operation rather than rock failure and sand production. This is a 
transient phenomenon, and will likely be a side effect of first start-up for future wells. 
 
 
Figure F.1-1: Well 25 startup – effect of liquid rate on sand concentration 
 
 
Figure F.1-2: Well 25 startup – effect of drawdown on sand concentration 
 
Solids production during first start-up of a well, observed with respect to liquid rate and applied drawdown. Water cut is not 
considered as production is initially exclusively hydrocarbon – no water breakthrough. 
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 Appendix F.2: Bean-up procedure 
To reduce solids production during start-up, a bean-up operation was developed for test on a sand prone well. “Bean-up” refers 
to the process of incrementally bringing the well on line through smaller steps in anticipated liquid rate. Theoretically, this 
process will reduce applied stresses due to drag forces on unconsolidated (i.e. sand-prone) reservoir rock. 
 
Ensure well is 
aligned to train
Decrease THP by 
5 bar
Volume of 
solids in 
sample 
>0.05% ?
Check solids 
content of 
sample
Take flowline 
sample
YES NO
YES
First sample at 
this THP?
Wait further 15 
minutes
Increase THP to 
previous stable 
setting
Wait allocated 
time (as shown in 
table 1)
Wait allocated 
time (table 1)
THP = 10 
bar?
NO
YES
End bean-up 
procedure
NO
Lowest 
THP below 
sanding 
limit?
YES
NO
NO
Start
Record starting 
THP
 
 
Figure F.2-1: Developed bean-up procedure 
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For each reduction in THP, the anticipated steady state fluid rate is calculated using PROSPER using the latest assessment of 
well productivity. The time taken for solids to flow to surface is calculated simply using this flowrate, and determines the time 
taken before solids sampling should be conducted at surface. These calculations are shown in Table F.2-1. The goal is to 
achieve as high a liquid rate as possible (within the field production limits defined in the main report) with any produced solids 
below 0.05% by volume.  
 
Current 
THP 
Anticipated steady 
state rate 
Minimum 
time before 
sampling 
Sample Info 
 
Comments: 
(barg) (bfpd) (m3/hr) (mins) Sample No Time %age PSD?  
40 Minimal Minimal N/A 
    There will be 
some flushed 
production as the 
well is initially 
opened. 
35 7,500 50 120      
30 11,500 75 75      
25 15,000 100 60      
20 18,000 120 50      
15 20,500 135 40 
     
10 23,000 150 35      
 
Table F.2-1: Bean-up sampling procedure 
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Appendix F.3: Settling time, and effect of length of shut-in on sand concentration 
During an extended well shut-in, the reservoir fluids segregate in the well according to density. Oil and gas is less dense than 
water, and this leads to a phenomenon referred to as flushed production, where exclusively hydrocarbons are produced for a 
short time following a shut-in. 
 
However, in the case where a well is shut in following solids being produced into the wellbore, gravitational segregation will 
also apply to the solid phase. Following a period of true flushed production, and once the water is produced from the wellbore, 
there will be another period of “flushed production” as the solids that congregated at the bottom of the well are produced at 
surface together. Could this be a potential cause for the high sand concentrations recorded at start-up? How can we 
differentiate between the effects of drag force due to change in liquid rate, and the effects of this hypothetical flushed 
production? 
 
The following derivation uses Stokes’ Law, accounting for buoyancy effects, to calculate the settling velocity of solid particles 
of 80µm. From this, the time taken for accumulation at the bottom of the well is calculated, to highlight cases where the 
aforementioned phenomenon might impact sand concentration. As always, the use of Stokes’ Law is an approximation in this 
application, assuming perhaps most notably, homogenous single phase fluid and sinking of a perfectly spherical particle.   
 
Calculation of mixture 
viscosity: 
 
𝜇𝑚 = (1 + 2.5. 𝐶𝑣). 𝜇𝑙 
𝜇𝑚 = [1 + (2.5 × 0.1)]. 6.3 
𝜇𝑚 = 7.9 𝑐𝑝 ……….(F.1) 
 
[after Einstein]  
 
𝜌𝑜 = (
141.5
19 + 131.5
) . 1000 = 940.2 𝑘𝑔𝑚−3 
𝐶𝑤 =
𝐶𝑣𝜌𝑠
𝜌𝑙
 
𝐶𝑤 =
0.1 × 2000
940.2
= 0.212 
 
 
 
𝜌𝑚 =
100
𝐶𝑤
𝜌𝑠
+
(100 − 𝐶𝑤)
𝜌𝑙
 
 
 
𝜌𝑚 =
100
0.212
2000 +
(100 − 0.212)
940.2
= 941.25 𝑘𝑔𝑚−3 
 
 
(Abulnaga, 2002) 
 
……….(F.2) 
 
Calculation of drag coefficient, CD from Reynolds Number: 
 
 
𝑁𝑅𝑒 =
𝑢𝑑𝑝𝜌𝑚
𝜇𝑚
 
……….(F.3) 
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𝑁𝑅𝑒 =
7.9 × (80 × 10−6) × 941.25
7.9
= 0.08 
 
 
 
𝐶𝐷 =
24
0.08 …
= 318.73 
 
……….(F.4) 
Modified Stokes’ Law for settling velocity: 
 
𝑣 = √
4𝑔(𝜌𝑝 − 𝜌𝑚)𝑑𝑝
3𝐶𝐷𝜌𝑚
 
 
𝑣 = √
4(9.81)(2000 − 941.25)(80 × 10−6)
3(318.73)(941.25)
 
 𝑣 ~ 2 × 10−3𝑚𝑠−1 
  
 Settling velocity is 0.002 ms-1. 
 Approximate length of longest well is 15000ft = 4572m 
 Time taken to for particle to settle ~ 27 days 
 
Well must to be offline for 27 days. This scenario, therefore, is only applicable for long shutdowns e.g. annual shutdowns. For 
the wells under investigation, this only occurs twice and so does not constitute a significant portion of the dataset. 
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Appendix G.1: Sand calculation sensitivities 
A simple sensitivity study is run for the continuous model, highlighting the most important factors in determining the 
produced sand volumes are the difference between sand concentration measurements, Δ and sand density, ρ. This would 
appear to indicate that there are not many very samples which can be attributed to gross error. 
 
 
 
  
Figure G.1-1: Sensitivity study on user-input parameters to sand volume model 
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Appendix H.1: Software packages used 
 
Software Function Use in project 
Company Product 
Microsoft  Excel 
General purpose 
mathematical 
operations 
Pre-processing of solids sample data, allocated produced 
liquid volumes and PSD data. Calculation of produced and 
observed sand volumes. Post-processing of results. 
C3 Amulet Analytical database 
Source for daily allocated liquid rates and solids sample 
information 
Petroleum Experts PROSPER Nodal analysis 
Calculation of expected flow rates for given THP – used in 
bean-up development 
PI Processbook Process Data database 
Visualisation of well behaviour, acquisition of historical 
valve states 
Table H.1-1: Software packages used 
 
 
 
Figure H.1-1: Software and spreadsheets flowchart used to calculate sand volumes 
ContinuousSampleData_LiquidAllocation.xlsx
EXCEL SHEET: 
Combines filtered solid sample data and allocated liquid 
volumes. Uses discrete or continuous assumption to 
populate daily sand concentrations
Flowline_SolidSampleData.xlsx
EXCEL SHEET: 
Pre-processing on solids 
sample data and removal of 
unrepresentative samples
SolidsCutCalculation.xlsx
EXCEL SHEET: 
Obtains Daily Well-Train Routings from PI Processbook 
and calculates daily produced sand volumes for each 
well, and for each train
Raw Solids 
Sample Data
Daily allocated 
oil and water volumes
Daily allocated liquid 
volume
SandAccumulation.xlsx
EXCEL SHEET: 
Compares the measured sand mass from separator 
cleanouts with the calculated sand volumes from 
SolidsCutCalculation.xlsx
li l l i l
i il ll i i
l l il l
ll i
Measured sand mass in 
process vessels – 
cleanouts/surveys
Calculated sand 
volumes
